Larch bark procyanidins (LBPCs) have not only antioxidant and antitumor properties, but also strong bacteriostatic effects. However, it is not clear about the antibacterial mechanisms of LBPC. In this work, the antibacterial effects and mechanisms of LBPC on Staphylococcus aureus were studied in the aspects of morphological structure, cell wall and membrane, essential proteins, and genetic material. The results showed that LBPC effectively inhibited bacterial growth at a minimum inhibitory concentration of 1.75 mg/ml. Bacterial morphology was significantly altered by LBPC treatment, with the cell walls and membranes being destroyed. Extracellular alkaline phosphatase content, bacterial fluid conductivity, and Na + /K + -ATPase and Ca
Introduction
Larch bark (Larix gmelinii) is a deciduous tree of the genus Larix in the family Pinaceae [1] . It is a primary species in the coniferous forests of Northeast China and Inner Mongolia, and its bark is one of the most important forestry byproducts in China. Procyanidin (PC) extracted from Larch bark is a naturally active substance. Research on its structure has shown that PC is a polyphenolic compound [2] composed of (+)-catechin and (−)-epicatechin structural units and forms dimers linked at positions 4-8. Previous research on PC primarily focused on its extraction, purification, antioxidant properties, and stability. PC has strong 1,1-diphenyl-2-picrylhydrazyl (DPPH) free-radical scavenging and anti-lipid peroxidation capacities [3] ; its antioxidant capacity is about several times of those of Vitamin C and Vitamin E [4, 5] , and it exhibits a good dose-effect relationship. PC stability negatively correlates with ambient temperature and pH. Studies of PCs derived from other sources [6] [7] [8] [9] [10] have revealed that this large category of substances have not only antioxidant and antitumor properties, but also strong bacteriostatic effects [11] . However, there are rare studies of the antibacterial effects and mechanisms of LBPC from different sources and with different structures.
Foodborne diseases caused by bacterial contamination are among the most important problems affecting human public health and food safety [12] . Staphylococcus aureus is an important pathogenic bacterium in human that can cause local purulent infections as well as pneumonia, osteomyelitis, and other systemic infections. Food contaminated by S. aureus not only undergoes decay and deterioration, but some strains can produce enterotoxins that result in food poisoning. S. aureus-induced food poisoning accounts for the majority of bacterial food poisoning cases.
Plant-derived antibacterial drugs are widely embraced because of their low toxic side effects. Addition of antibacterial materials extracted from plants to food, healthcare, and cosmetic products can provide antiseptic benefits as well as ensure their safety [13] .
In this study, we systematically studied the effects of Larch bark procyanidins (LBPCs) on S. aureus morphological structure, cell wall and membrane, essential proteins, and genetic material, and elucidated the associated molecular mechanisms (targets and location). Our data provide a theoretical basis for new, safe, and effective natural preservatives for food, healthcare, and cosmetic products.
Materials and Methods

Experimental materials
Staphylococcus aureus (CGMCC 1.8721) was maintained in our own laboratory. LBPC was obtained from Beijing Forestry University (Beijing, China). Analytical-grade anhydrous ethanol, methanol, phenol, isoamyl alcohol, disodium phosphate, sodium chloride, chloroform and sodium dihydrogen phosphate, disodium hydrogen phosphate were purchased from Beijing Chemical Works (Beijing, China). Nutrient broth and nutrient agar were purchased from Beijing Aobox Biotechnology (Beijing, China). Alkaline phosphatase (AKPase) detection, Na + /K + -ATPase assay, and Ca 2+ -ATPase assay kits were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Lysozyme, 1 M Tris-HCl, 0.5 M EDTA, and the SDS-PAGE preparation kit were purchased from Solarbio Life Sciences (Beijing, China).
Minimum inhibitory concentration determination
Nutrient agar containing a LBPC concentration gradient (1-2 mg/ ml) was prepared. Selected S. aureus colonies were suspended in sterile saline and compared with the 0.5 McFarland turbidity standard (reagents were purchased from Beijing Chemical Works). Bacterial suspension (200 μl) was plated onto the nutrient agar plates and incubated for 12 h in a 37°C incubator. Bacterial growth was observed, and the minimum inhibitory concentration (MIC) was determined as the smallest dilution of LBPC in which bacteria did not grow.
The growth curve of S. aureus treated with LBPC Nutrient broth was inoculated with S. aureus at a concentration of 1% (v/v). LBPC solutions of different concentrations were added separately into the bacterial culture to final concentrations of 1/2 MIC, 3/4 MIC, and 1 MIC. An untreated culture was used as a control. The cultures were incubated at 37°C with shaking at 180 rpm. The optical density (OD) at 540 nm of the samples was measured at different time points to establish the growth curves.
Scanning electron microscopic analysis of S. aureus treated with LBPC S. aureus cells were collected and added to nutrient broth with or without 1 MIC of LBPC and incubated at 37°C with shaking at 180 rpm. Bacteria were collected by centrifugation at 12 and 24 h and fixed with glutaraldehyde (2.5% in phosphate buffer saline). Samples were dehydrated through a gradient of ethanol solutions, subject to critical-point drying, coated with gold, and observed for morphological and structural changes under a scanning electron microscope (Quanta200; FEI, Eindhoven, Netherlands).
Transmission electron microscopic analysis of S. aureus treated with LBPC S. aureus was cultured as described in the previous section. Bacteria were collected by centrifugation after 12 and 24 h. The cell pellets were fixed with glutaraldehyde (2.5%) for 1 h and osmium (1%) tetroxide for 2 h, respectively, rinsed with 0.1 M phosphate buffer (pH = 7.4), and dehydrated through a gradient of ethanol solutions. Samples were soaked in a 1:1 mixture of ethanol/embedding solution for 2 h and then changed to pure embedding solution overnight. Then, the embedding solution was changed once and samples were embedded for 24 h. Ultrathin sections were stained and observed using a transmission electron microscope (JEM-1400; JEOL, Tokyo, Japan).
Determination of S. aureus extracellular AKPase activity treated with LBPC
Nutrient broth was inoculated with S. aureus at a concentration of 1% (v/v). LBPC solutions of different concentrations were added separately to the bacterial culture at final concentrations of 1/2 MIC and 1 MIC. Simultaneously, a negative control group was established. Bacteria were collected at different time intervals, washed with normal saline (sodium chloride solution) three times, centrifuged, and resuspended. Five microliters of bacterial suspension were collected for the measurement of extracellular AKPase activity using the AKPase detection kit as described previously [14] .
Determination of S. aureus extracellular β-galactosidase content treated with LBPC Bacteria were pretreated as described in the previous section. Bacterial suspension and o-nitrophenyl β-D-galactopyranoside (4%) were combined at a ratio of 20:1 (v/v), mixed thoroughly, and placed in a 37°C water bath. One milliliter of the reaction mixture was collected at different time intervals and centrifuged. The supernatants were collected and the absorbance at 420 nm was measured with a microplate reader (Infinite M200PRO, TECAN, Männedorf, Switzerland) to determine the extracellular β-galactosidase content.
Determination of the bacterial fluid conductivity treated with LBPC Nutrient broth was inoculated with S. aureus at a concentration of 1% (v/v). LBPC solutions were added separately to the bacterial culture at final concentrations of 1/2 MIC and 2 MIC. A negative control was included. The cultures were incubated at 37°C with shaking at 180 rpm. The conductivity of the samples was measured at different time intervals (0, 30, 60, 90, 120 min) with a conductivity meter (KYE-100B; Fuma, Shanghai, China).
Determination of the Na + /K + -ATPase and Ca 2+ -ATPase activity treated with LBPC Nutrient broth was inoculated with S. aureus at a concentration of 1% (v/v). LBPC solution was added to the bacterial culture at a final concentration of 1 MIC. A negative control (bacterial culture without LBPC solution) was included. Bacteria were collected at different culture intervals, washed with normal saline three times, centrifuged, and resuspended. After cells were disrupted with an ultrasonic disrupter, the enzyme activities were measured using the Na
ATPase and Ca 2+ -ATPase assay kits as described previously [14] .
Determination of the SDH, MDH, and total ATPase activity treated with LBPC Bacteria were pretreated as described in the previous section. The supernatant was collected after centrifugation. Succinate dehydrogenase (SDH), malate dehydrogenase (MDH), and total ATPase activities were measured using the corresponding assay kits as described previously [14] .
Determination of the total protein expression in S. aureus treated with LBPC S. aureus cells were treated with LBPC at 1 MIC for 6 h or 24 h and centrifuged at 16,099 g for 5 min at 4°C to pellet the cells. The cells were washed with phosphate buffer saline (PBS) three times, frozen overnight at -80°C, and freeze-dried in vacuum for 24 h. To every 100 mg dry weight of bacteria, 1 ml cell lysis buffer consisting of 8 M urea, 2 M thiourea, 4% (m/v) CHAPS, 60 mM DTT, and 1% PMSF was added and mixed by vortexing. After ultrasonic disruption, the lysate was centrifuged and the supernatant was collected for SDS-PAGE (12%) analysis and Coomassie blue staining.
Genomic DNA extraction
Bacterial solution (30 ml) was centrifuged at 2795 g for 10 min, and the pellets were resuspended in 500 μl TE (1 M Tris-HCl, pH 8.0, 0.5 M EDTA). Fifty microliters of lysozyme (20 mg/ml) was added into the cell suspension and incubated at 37°C for 60 min. Then, 50 μl of SDS solution (10%) and 20 μl of proteinase K (20 mg/ml) were added into the mixture and incubated at 37°C for another 1 h. After that, 10 μl of RNase A (10 mg/ml) was added and incubated at 37°C for 30 min. One hundred microliters of 5 M NaCl solution and 100 μl of CTAB (Cetyltrimethyl Ammonium Bromide)/NaCl solution were added, mixed well and heated at 65°C for 10 min. Finally, an equal volume of chloroform/isoamyl alcohol (24:1, v/v) was added, mixed well, agitated for 30 min, and centrifuged at 16,099 g for 5 min. The supernatant was collected and transferred to a new tube, and an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1, v/v/v) was added, mixed well, and centrifuged at 11,180 g for 5 min. The supernatant was collected and two volumes of anhydrous ethanol was added, mixed well, allowed to settle for 10 min and centrifuged at 16,099 g for 5 min. The precipitate was collected, rinsed once with 70% ethanol, and dried at room temperature. TE was added to dissolve the DNA. DNA content and purity were measured with the microplate reader. The prepared genomic DNA was stored at −20°C.
Fluorescence experiment
To 100 μl of LBPC solution (4 mg/ml), 100 μl of S. aureus genomic DNA at different concentrations (0-0.8 mg/ml) was added and incubated in the dark at 37°C, 32°C, or 27°C for 1 h. Then, fluorescence was measured at an excitation wavelength of 280 nm and emission wavelengths of 310-500 nm with the microplate reader [15] .
UV-vis spectroscopic measurement
To 100 μl of LBPC solution (4 mg/ml), 100 μl of S. aureus genomic DNA at different concentrations (0-0.8 mg/ml) was added and incubated in the dark at 37°C for 1 h. Then, samples were scanned at ultraviolet wavelengths from 230 to 450 nm with a spectrophotometer (Lambda 950, PerkinElmer, Waltham, USA) [15] .
Effect of ion strength
To 100 μl of LBPC solution (4 mg/ml), 100 μl of S. aureus genomic DNA at different concentrations (0.2-0.8 mg/ml) was added to allow the formation of LBPC-DNA complex. Then, 100 μl of NaCl solutions of different concentrations (0-20 mg/ml) were separately added and the mixtures were incubated at 37°C for 1 h. Fluorescence was scanned at an excitation wavelength of 280 nm and emission wavelengths from 310 to 500 nm with the microplate reader.
Competitive experiment
DAPI (4′,6-diamidino-2-phenylindole)-DNA complex was prepared using 2 μg/ml DAPI and 0.20 mg/ml DNA. One hundred microliters of LBPC solutions of different concentrations (0-4 mg/ml) were added and the mixtures were incubated at 37°C for 1 h. Fluorescence was scanned at an excitation wavelength of 295 nm and emission wavelengths from 370 to 600 nm with the microplate reader.
Statistical analysis
Statistical significance was calculated by Student's t-test or analysis of variance (ANOVA) using SPSS Statistics 19.0.1. A statistical probability of P < 0.05 was considered significant.
Results
Establishment of the MIC
To study the antibacterial effect, MIC determination was performed.
As shown in Table 1 , turbidity of S. aureus was observed at LBPC concentrations of 1, 1.25, and 1.5 mg/ml, while no growth was observed at LBPC concentrations of 1.75 and 2 mg/ml. Thus, the MIC of LBPC on S. aureus is 1.75 mg/ml.
Effect of LBPC on S. aureus growth
To study the effect of LBPC on S. aureus growth, the growth curve ( Fig. 1) was established. Compared with the control group, the optical density (OD) of the bacterial suspension was significantly decreased after LBPC treatment, suggesting that LBPC has inhibitory effects against S. aureus. Based on the growth curve, the growth of S. aureus was inhibited, and the number of bacteria was significantly decreased. The inhibitory effect on S. aureus was increased with increasing concentration of LBPC, indicating that the effect of LBPC is dose-dependent within a certain range.
Effect of LBPC on S. aureus morphology
To study the effect of LBPC on S. aureus, morphology study was performed. The effect of LBPC (1.75 mg/ml) on S. aureus morphology is shown in Fig. 2 . Scanning electron microscopy showed that the surface of control S. aureus was smooth and uninterrupted ( Fig. 2A-C) , whereas the surface of S. aureus treated with LBPC for 12 h showed clear vesication or irregular protruding structures (Fig. 2D) . After 24 h of LBPC treatment, bacteria were surrounded by exudate, which may be cytoplasm extruded from the cells (Fig. 2E) . Transmission electron microscopy showed clearly visible cell walls and membranes in untreated S. aureus, with regular and intact morphology (Fig. 2F-H) , whereas after 12 h (Fig. 2I) and 24 h (Fig. 2J) of LBPC treatment, bacterial cell walls and membranes were slightly damaged.
Effect of LBPC on cell wall permeability
To study the effect of LBPC on cell wall permeability, AKPase activity was determined. Extracellular AKPase activity after LBPC treatment of S. aureus was shown in Fig. 3A . After LBPC treatment, the extracellular AKPase activity was increased continuously and was significantly higher than that of the control group. After 6 h, extracellular AKPase content in S. aureus treated with 1/2 MIC and 1 MIC of LBPC was increased to 1.8 folds and 3.1 folds, respectively, as compared to the control group. The substantial AKP leakage showed that the integrities of the bacterial cell walls and cell membranes were destroyed.
Effect of LBPC on cell membrane integrity
To study the effect of LBPC on cell membrane integrity, extracellular β-galactosidase content was determined. Figure 3B shows the extracellular β-galactosidase content in S. aureus after LBPC treatment. After 6 h of LBPC treatment, extracellular β-galactosidase content in cells treated with 1 MIC LBPC increased from 0.134 to 0.331 units/U, and the activity in cells treated with 1/2 MIC LBPC increased from 0.088 to 0.288 units/U. Both groups treated with LBPC exhibited significantly increased β-galactosidase content as compared to the control group, with fold increases of 6.01 and 5.2, respectively. These results demonstrated that LBPC damaged the cell membrane of S. aureus, leading to leakage of intracellular β-galactosidase.
Changes in bacterial fluid conductivity after LBPC treatment
To study the changes of permeability of the cell membrane, bacterial fluid conductivity was determined. Figure 3C shows the conductivity of bacterial fluid after the addition of LBPC. Bacterial fluid conductivity increased with LBPC treatment time. After treatment with 2 MIC LBPC for 120 min, bacterial fluid conductivity increased from 770 to 970 μs/cm, and after treatment with 1/2 MIC LBPC for 120 min, the conductivity increased from 765 to 941 μs/cm, showing increases of 25.9% and 23.0%, respectively. Both values were larger than those noted for controls. These results showed that LBPC increased the membrane permeability of S. aureus, leading to ion leakage.
Effect of LBPC on the activity of ion channel enzymes in the membrane system
To study the changes of permeability of the cell membrane, the change of activity of ion channel enzymes was investigated. Figure 4A shows the effect of 1 MIC LBPC on the activity of the membrane- Figure 1 . Effect of LBPC on the growth curve of S. aureus *P < 0.05 and **P < 0.01 indicated statistically significant differences of LBPC treatment vs. negative control calculated by SPSS statistics. -ATPase activity was increased from 0.003 mg protein/ml to 0.03 mg protein/ml. The enzymatic activity after 6 h of culture was 1.86-fold as that of the negative control. This result showed that LBPC activated membrane-bound ion channels in S. aureus, and that bacterial cells maintained cellular function by changing the ion concentrations inside and outside the cell membrane in order to resist the effects of the adverse environment. Figure 4B shows the effect of LBPC on the activity of the membrane-bound ion channel Ca 2+ -ATPase. Ca 2+ -ATPase activity in the group treated with 1 MIC LBPC showed a stably increasing trend. The enzymatic activity after 6 h of culture was 1.17-fold as that of the negative control. This finding supports that LBPC affects membrane-bound ion channels in S. aureus, and that the intracellular Ca 2+ concentration increases with LBPC treatment, resulting in Ca
2+
-ATPase stimulation in order to maintain low intracellular calcium concentration.
Effect of LBPC on the activity of essential energy metabolism enzymes in S. aureus
To study the effect of LBPC on the activity of essential energy metabolism enzymes in S. aureus, MDH, SDH, and ATPase activities were determined. As shown in Table 2 , MDH, SDH, and ATPase activities were all decreased by LBPC treatment for 8 h. SDH activity decreased after 4 h of LBPC treatment, and the activity after 8 h of treatment was 14.47 U/mg protein, which was a decrease of 13.8% as compared to the control. In addition, ATPase activity in cells treated for 8 h and in control cells were 2.96 ± 0.21 U/mg protein and 3.21 ± 0.12 U/mg protein, respectively, indicating a decrease of 7.8% in the treated vs. control cells. Finally, MDH activity was decreased by 6.1% as compared to the negative control. These data show that bacterial energy metabolism is disrupted following LBPC treatment.
Effect of LBPC on total protein expression in S. aureus
To study the effect of LBPC on total protein expression in S. aureus, SDS-PAGE was performed. Figure 5 shows the results of SDS-PAGE analysis of S. aureus treated with LBPC. The intensities of the protein bands at 35.0 and 66.2 kDa were increased after treatment, and new bands appeared, while some bands disappeared. Changes in the protein map were most apparent after 24 h of LBPC treatment, with changes in both total protein amount and of protein composition. This shows that LBPC has an effect on bacterial protein expression profile.
Effect of S. aureus genomic DNA on LBPC fluorescence intensity
To study the effect of LBPC on genetic material of S. aureus, the change of fluorescence intensity of S. aureus DNA treated with LBPC was explored. Figure 6A shows the fluorescence spectra of LBPC in the presence of different concentrations of S. aureus DNA. LBPC has a maximum emission peak at 400 nm (λ ex = 280 nm). The maximum LBPC fluorescence emission peak was quenched in the presence of S. aureus genomic DNA, and the degree of quenching gradually increased with increasing concentration of genomic DNA. At the same time, the emission peak gradually blue-shifted. At a genomic DNA concentration of 0.8 mg/ml, the blue shift of the LBPC fluorescence peak was~20 nm. These results showed that S. aureus genomic DNA may form a complex with LBPC.
Stern-Volmer curves of LBPC fluorescence quenching by S. aureus DNA at different temperatures
The quenching efficiency between a fluorescent molecule and a quencher is given by the following Stern-Volmer equation:
where F 0 is the fluorescence intensity of the fluorescent substance prior to addition of quencher, F is the fluorescence intensity of the fluorescent substance after treatment with quencher, K q is the rate constant of the quenching process between the two molecules, τ 0 is the average fluorescence lifetime of the fluorescent molecule in the Figure 3 . The effect of LBPC treatment on extracellular AKPase activity, β-galactosidase content and fluid conductivity (A) Extracellular AKPase activity in S. aureus after LBPC treatment. *P < 0.05 and **P < 0.01 indicated statistically significant differences of LBPC treatment vs. negative control. (B) Extracellular β-galactosidase content in S. aureus after LBPC treatment. *P < 0.05 and **P < 0.01 indicated statistically significant differences of LBPC treatment vs. negative control. (C) Bacterial fluid conductivity after LBPC treatment. *P < 0.05 and **P < 0.01 indicated statistically significant differences of LBPC treatment vs. negative control.
absence of quencher (~10 −8 for the majority of biological macromolecules), [Q] is the concentration of quencher, and K SV is the SternVolmer constant, which shows the rate constant of the quenching process between the two molecules and the decay constant of a single molecule. Figure 6B shows the Stern-Volmer curves of LBPC fluorescence quenching by S. aureus DNA at different temperatures. Within the range of the temperatures tested, the Stern-Volmer curves of LBPC quenching by S. aureus genomic DNA showed a good linear relationship without significant bias toward the y-axis, showing that the quenching of LBPC fluorescence by S. aureus DNA occurs through a quenching process [16] . Table 3 shows the Stern-Volmer constants for LBPC−S. aureus DNA complexes at different temperatures. With increasing temperature, the K SV value of the complex decreased, and the fluorescence quenching rate constant K q was far greater than the maximum diffusion collision quenching constant (2 × 10 10 l mol −1 s −1 ) of each type of quencher in the dynamic quenching process of biological macromolecules. This shows that a ground-state non-fluorescent complex is formed, and the fluorescence quenching mechanism is static quenching [17] . Thus, S. aureus genomic DNA forms a static complex with LBPC.
Effect of S. aureus genomic DNA on LBPC ultraviolet spectra
To study the effect of genetic material of S. aureus on LBPC, the change of ultraviolet spectra of LBPC treated with S. aureus DNA was investigated. Figure 7A shows the ultraviolet-visible absorption spectra of LBPC in the presence of various concentrations of S. aureus genomic DNA. With increasing DNA concentration, the absorbance of the LBPC solution gradually increased, exhibiting a hyperchromic effect. The hyperchromic effect is an obvious characteristic of non-covalent bonds, suggesting that the bond between LBPC and S. aureus DNA is electrostatic or groove bonding [18] .
Interaction pattern of LBPC with S. aureus DNA
To study the direction of LBPC interacting with S. aureus DNA, the effect of ion strength on the LBPC-DNA system was explored. Figure 7B shows the effect of ion strength on the LBPC-S. aureus DNA complex. Fluorescence intensity decreased with increasing NaCl concentration. These results are consistent with the ultravioletvisible absorbance spectra, suggesting that LBPC and S. aureus DNA interact via groove or electrostatic bonding [19] . Figure 7C shows the effect of LBPC on the fluorescence intensity of the DAPI−S. aureus DNA complex. After addition of LBPC, the fluorescence intensity of the DAPI-DNA complex decreased significantly. At a LBPC concentration of 4 mg/ml, the fluorescence intensity decreased by 41.98%, suggesting that LBPC can substitute DAPI and thus competes with DAPI at the S. aureus DNA binding sites. This binding effect between LBPC and S. aureus DNA is classified as groove binding, suggesting that LBPC can bind to the minor groove of the DNA double helix [20] .
Discussion
LBPC exhibited effective bacteriostatic activity against S. aureus, even at low concentrations. Investigation of the underlying mechanism revealed that LBPC destroys the integrity and permeability of the cell wall and membrane, interferes with protein synthesis, engages in DNA groove binding, and disrupts normal physiological functions, leading to death. The MIC of LBPC on S. aureus was determined to be 1.75 mg/ml, and the growth curve of S. aureus in the presence of LBPC intuitively reflected this inhibitory effect of LBPC on S. aureus. Within a certain concentration range, the inhibitory effect was positively correlated with the concentration of bacteriostatic agent. Scanning and transmission electron microscopy results showed that the surface of S. aureus treated with LBPC was damaged, with exudates surrounding the bacteria, and cell walls and membranes being interrupted and indistinct. With increasing treatment time, these phenomena were exacerbated, consistent with the conclusions drawn on the basis of the growth curves. To validate these observations and elucidate the underlying mechanism, we conducted a series of experiments to analyze the effects of LBPC on cell wall and membrane integrity, the enzymatic system, total protein, and DNA binding.
These results of cell wall and cell membrane integrity experiments showed that after LBPC treatment, extracellular AKPase content increased significantly over that in the control group, indicating AKPase leakage after LBPC treatment, and thus, that LBPC destroys the cell wall of S. aureus [21] . In addition, extracellular β-galactosidase content in treated S. aureus cells was higher than that in controls, showing that LBPC damages the cell membrane of S. aureus [22] . Meanwhile, bacterial fluid conductivity was increased after LBPC treatment, indicating increased membrane permeability and leakage of electrolytes such as K + , Ca
2+
, and Na + . These results show that LBPC has a destructive effect on the permeability and integrity of the cell wall and cell membrane of S. aureus. These findings were consistent with the results of scanning and transmission electron microscopy. In addition, since AKPase regulates the metabolism of intracellular calcium ions [23] , the substantial AKPase leakage after LBPC treatment suggests changes in intracellular calcium ion concentration and abnormalities in ion channels and related enzymes that regulate calcium ion concentration. Na + /K + -ATPase is an important membrane protein that functions to maintain membrane permeability, an intracellular environment with low sodium and high potassium, and a resting potential. After LBPC treatment, Na + /K + -ATPase activity was stably increased. After 6 h of treatment, the activity of Na
the S. aureus cell membrane was 1.86 times that of the negative control group. Likewise, in the presence of LBPC, the intracellular Ca into the inner endoplasmic reticulum for storage. The Na
ATPase transport system facilitates Ca 2+ efflux from the cell, thereby maintaining low intracellular Ca 2+ concentration [24] .
Because LBPC has a destructive effect on the bacterial membrane structure and function, it impedes S. aureus to balance intracellular and extracellular ion concentrations to maintain cellular activities. Under this condition, the cell is overloaded with calcium [25] , which may increase the production of free radicals, damaging the structure and function of the energy metabolism system and leading to tissue and cell damage. Our experiment results in the intracellular enzymatic systems corroborate with the above hypotheses. SDH is important for energy metabolism in microorganisms, and its activity is a sensitive indicator of damage to the energy metabolic systems [26] . MDH plays a crucial role in the tricarboxylic acid cycle of microorganisms, and is essential for cell growth, metabolism, and proliferation. Our data showed that LBPC has the greatest effect on SDH activity among the energy metabolism-related enzymes tested, with a decrease of 13.8% as compared to the control group. MDH activity and total ATPase also exhibited a decreasing trend. The activity of essential energy metabolic enzymes was decreased [27] , thus interfering with energy metabolism systems, reducing metabolic rate and inhibiting bacterial growth. In addition, ATP production was also decreased [25] and the distribution of ions inside and outside the cell was abnormal, with Na + and Ca 2+ accumulating inside the cells, which was consistent with results showing increased intracellular Ca 2+ and Ca 2+ -ATPase activity. In addition, SDS-PAGE analysis showed that LBPC treatment changed the protein content and composition in S. aureus, suggesting that LBPC might affect protein expression systems, thus inhibiting bacterial growth. The experimental results described above show that LBPC can interfere with the activity of essential metabolic enzymes in bacteria, affecting protein synthesis.
To study the binding effect of LBPC to S. aureus genetic material as well as the mode of interaction, fluorescence spectroscopy, ultraviolet spectroscopy, and other techniques were used. Fluorescence spectroscopy and Stern-Volmer curves showed that static quenching occurs between LBPC and S. aureus genomic DNA. Ultraviolet spectroscopy and ion strength studies confirmed that the mode of binding between LBPC and S. aureus genomic DNA is static binding or groove binding. Competitive analysis experiments further proved LBPC and DNA interact via groove binding.
